ABSTRACT The objective of this paper is to enhance the control performance of voltage source converter (VSC) stations within multi-terminal high voltage direct current (M-HVdc) grids under dynamic conditions. This paper presents the application of particle swarm optimization (PSO) to tune the control parameters of VSC stations. VSCs are non-linear components of the M-HVdc grids. Conventional techniques use approximated linear models to tune the control parameters which do not produce optimal results. Thus, PSO is employed to optimally tune the control parameters of VSC stations. The algorithm of the proposed objective function applies simultaneous optimization of inner and outer control layers. Dynamic simulations of a four-terminal HVdc system are developed in PSCAD/EMTDC to extol the merits of the presented optimization technique. Results show the steady state and dynamic control performances, both for classically and PSO-based tuned parameters, during load demand change from ac grids, wind power change, and eventual permanent VSC disconnection.
I. INTRODUCTION
Recent research shows that to meet the future network requirements, multi-terminal high voltage direct current (M-HVdc) has emerged as the promising solution. Multiterminal dc grids not only have significant advantages but have emerged with some favorable applications [1] , [2] . These include the integration of offshore wind farms into mainland ac grids [3] , thus the proposed European super grid [4] , and the encouraging possibility of the interconnection of North Sea wind farms with Scandinavian hydropower and Mediterranean solar plants [2] . The multi-terminal high voltage dc system avoids capacitance currents, compared with those with long cable ac transmission.
In the near future M-HVdc grids will provide robust and flexible controlled infra-structures [5] . This will compel the power system and power electronics companies to develop such control strategies to increase system reliability, security, and efficiency [6] .
With the latest developments in the voltage source converter (VSC)-HVdc technology, research show that the feasibility of connecting the high voltage dc power system, using multiple power converter stations, is possible with appropriate control [7] . VSC-HVdc appears a suitable tool for M-HVdc grid construction, with manufactured M-HVdc grids based on VSC reported in [8] and [9] .
VSC-HVdc station control is based on the flux-oriented vector current control (VCC) technique. It has two control layers: an inner current control (ICC) layer and outer control layer (OCL) [10] . The outer layer achieves its goal by guiding the active power, reactive power, dc voltage or ac voltage control to VSCs, based on the requirements of the connected ac grid. Whereas, inner current control loop regulates the d-axis and q-axis current variables by using a decoupling control strategy. Both of these loops have an important element in common: a proportional and integral (PI) controller. Voltage droop control is frequently adopted to regulate the dc-link voltages in a precise range and power sharing within the grid, applied in the outer layer [3] , [6] . After investigating the interconnecting control layers of the M-HVdc grid, the VSC-station is a complex multi input and multi output control system [7] , [11] . This complex structure has numerous variables, which needs strong yet simple control; using PI controllers [3] , [12] . Thus, the corresponding PI parameters should be optimally tuned and adjusted, which improves both steady state and transient performance. However, it is challenging to properly tune the gains of PI controllers for nonlinear systems (for example, a voltage source converter) [13] , [14] . Classically proposed tuning methods face difficulties in determining the near optimal or optimized PI parameters [15] . Conventional techniques use approximate linear models to tune the PI control parameters, but VSCs are non-linear in nature which does not produce optimal results [16] . Different computerized mathematical models have been implemented to deal with the nonlinearities of the dc grids. However, performance based on such models results in mis-convergence during dynamic behavior [17] .
Genetic algorithm (GA), computational intelligence approach, discussed in [18] and [19] to improve the system performance by tuning the controller's parameter. Thus the heuristic techniques are good candidate to deal with systems having nonlinearities. However, performance of GA is limited because it exhibits slow convergence towards the solution as GA has to perform three operations namely; selection, crossover and mutation in each iteration [17] . Thus optimized tuning of PI control parameters is a challenge and a meta-heuristic technique based on particle swarm optimization (PSO) is proposed to deal with the mentioned shortcomings [20] .
VSC stations need a precise and efficient output during any disturbance, but achieving this task is time consuming and lengthy process. Particle swarm optimization (PSO) application assists solving the problem. Kennedy and Eberhart [20] proposed PSO in 1995; robustness in dealing with non-linear problems efficiently. Thus a PSO algorithm based PI controller becomes effective and show better results in a shorter time. Evidence shows that the PSO technique has solved various powers system problems efficiently [21] , [22] .
In this research, an optimized control structure using the multi-objective PSO algorithm is proposed and investigated. To the best of author's knowledge, multi-objective PSO has not been employed to improve VSC response within an M-HVdc grid. Dynamic simulations for a fourterminal VSC-HVdc transmission system are developed in PSCAD/EMTDC to validate the merits of the presented optimization technique.
Two parallel sets of PI controllers operating in the inner and outer loops simultaneously are optimized using multiobjective PSO to achieve an optimized control structure. Simulations developed both for C-PI and PSO-PI are assessed for steady state and dynamic control performance during (i) load demand change from ac grids, (ii) wind power change, and (iii) eventual permanent VSC disconnection.
II. PROPOSED M-HVdc TEST SYSTEM AND CONTROL LAYOUT
A single line diagram of modular multi-level converter (MMC) based four terminal test system is shown in Fig. 1 . Bi-polar transmission cables are connected via negative and positive dc voltages. DC inductors (100mH) are included in each line to mimic a practical dc system. However, these inductors do not come with protection against dc grid faults. Length of each line is 100km and ratings of the dc test system are given in Table 1 . The M-HVdc control, with the dc voltage control at VSCs, active and reactive power control with ac voltage regulation at the point of common coupling (PCC). For this purpose, vector current control is used to regulate the VSC-HVdc stations [23] . In this methodology, the ac currents and voltages of the converter are changed into the rotating d-q reference frame, which is phase-locked loop (PLL) synchronized with the ac grid voltages. This strategy gives decoupled control of the active and reactive power and regulates the ac and dc voltages, respectively. The layout of the VSC control using d-q control is shown in Fig. 2 . The outer controllers produce reference currents for the inner current controller, which then decides the voltage references for the d-q reference frame.
A. INNER CURRENT CONTROL (ICC)
Taking into account the d-q frame, the inner current controller incorporates the PI controllers which are responsible for the reference currents and manage the reference voltages for the VSCs. The relation between the voltages at PCC (e c ) and the VSC side (v g ) is given by: (1) where i c is the current from the ac framework to the converter while R and L represent resistance and inductance between the PCC and the VSC station. By applying Park transformation:
where ω is the angular frequency at the PCC of the ac system. ICC control layout is shown in Fig. 3 
B. OUTER CONTROL LAYER (OCL)
The dc and ac voltage, active and reactive powers at the PCC are controlled by the outer controller. The d-channel controls active power or dc voltage control while the q-channel controls reactive power or ac voltage regulation as shown in the Fig. 2 and mathematically are:
The d-axis of the vector control is PLL synchronized with the ac system phasor voltages, thus v q = 0.
Active and reactive powers are regulated by employing the d-q axis currents as from (6) and (7). The amplitude of the ac voltages at the PCC is controlled via ac voltage controller by injecting the appropriate amount of reactive power into the system such that the PCC ac voltage matches the given reference voltage. Similarly, ac voltage can be regulated by modifying the q-axis current. The dc-link voltage is maintained at its preset reference value via proper real power exchange with ac network. Thus the dc-link voltages can be controlled by modifying the d-axis current.
III. CONTROLLERS OPTIMIZATION BASED ON PARTICAL SAWRM OPTIMIZATION (PSO)
M-HVdc system performance depends on accurate tuning of the PI controllers of the VSC stations. Thus, the optimal tuning of PI parameters is of importance. So, an heuristic algorithm, particle swarm optimization, is employed for control optimization in this paper. As PSO offers advantages like; speedy convergence, simple implementation, and low vulnerability to being trapped at a local optimal point [20] . PSO has solved a wide range of electrical engineering optimization problems such as parametric optimization of a multi-stage linear quadratic regulator (MSLQR) FACTS controller [24] , power system stabilizer (PSS) [25] and PV-battery powered fast electric vehicle charging stations [26] .
PSO is inspired by bird flocking and shares similarities with genetic algorithms (GA) [17] , [20] . The system is initialized with a random solution for a generated population and looks into the best potential solution. The potential solutions are called particles. These particles fly through the defined vector space to find the optimized solution. PSO overcomes the shortcomings of classical techniques due to fast convergence, decreased population and small iteration size. The fast response of PSO helps the PI controllers to function fast when sudden changes occur at the VSC station. A global best (gBest) PSO algorithm is adopted in this paper.
In PSO, particles move in a multi-dimensional space and the position of each particle in the vector space improves using the following [20] :
where v t id is the velocity of the i th particle in the t-iteration, x t id is the dimension of the i th particle in t-iteration. c 1 and c 2 are weight factors of the cognitive and social components, respectively, while w is inertial weight. pBest and gBest are personal best and global best values for the particles while Rand 1 and Rand 2 are uniformly distributed random values between 0 to 1.
Operation of the PSO algorithm is illustrated in Fig. 4 . PSO parameters are initialized in the first step, which includes the dimension and number of particles. These parameters (dimension of particles) are equivalent to the number of ambiguous parameters in the given problem. The initial position of the particles is generated and then particle performance is examined. This is achieved by setting the personal best and then the global best for each particle is found using the fitness function of (9) . Next velocity and position are updated using (8) and (9), respectively. Every particle updates its personal and global bests until it finds the best solution. The block diagram in Fig. 5 shows the PSO application procedure on the PI controllers. 
IV. PSO BASED MULTI-OBJECTIVE OPTIMIZATION of VSC's
The proposed optimization can develop an multi-objective optimization function for the VSC station control parameters. The VSC stations fundamental control layers, ICC and OCL, are tuned optimally in a parallel operation.
A. TUNING OF THE INNER CURRENT CONTROL LAYER
The inner current control loop is the core of the VSCs controller. Improving the PI control parameters using a PSO based multi-objective function is critical for optimal gains. Fig. 6 shows the ICC schematic diagram of the PSO approach. The characterized objective function is:
B. TUNING OF THE OUTER CONTROL LAYER
In the multi-objective function, OCL control parameters are tuned in parallel with ICC parameters, for optimized gains. Fig. 7 shows the PSO implementation in the outer control loop. The characterized OCL objective function is:
Control structure of outer control layer using PSO.
V. IMPLEMENTATION OF MULTI-OBJECTIVE FUNCTION
Simultaneous minimization for the number of objective problems is achieved using the multi-objective function (OB-FN). The objective of this paper, M-HVdc system fast response under dynamic situation, is achieved by minimizing the multiobjective function. Firstly, standard constrained problems are optimized separately and then the active set approach is used to find the best compound solution. Then a weighted sum approach is applied with the PSO algorithm for parallel tuning of the respective objective functions of the ICC and OCL controllers. The control layout for this optimized process is shown in Fig. 8 . The selection criterion for weights is user defined and an autonomous generated set of values [27] . The multi-objective problem is considered a compound objective function in the weighted sum technique. The compound objective function can be represented mathematically as:
where w j : represent non-zero weight values. The minimization of (12) helps to obtain the optimization goals of the multi-objective problem. In this case, the objective is to provide a composition consisting of two different objective functions, (10) and (11) . The weight of each objective function determines the compromised solution, whereas the weight selection defines the importance of each component in (13) . Thus the objective function can be re-written as:
The weights of w 1 and w 2 are assigned and related according to:
where w 1 is from 0 to 1. Tuned parameters for the controllers are obtained by adopting the flow chart in Fig. 9 . In the first stage, random particles are generated and a weightage set for w 1 and w 2 are designated. Considering the PSO and its initialized particles, the optimal estimations are obtained for the PI control parameters which then validates the minimization of the main objective function (13) .
VI. EVALUATION AND COMPARISON OF CONTROLLERS PERFORMANCE
In this section, PI parameters (k p and k i ) are tuned using both the proposed PSO algorithm considering the minimization of the objective function defined in (12) and using classical tuning method. The PSO algorithm parameters are given in Table 2 . PSO-optimized parameters are compared with the classically tuned PI (C-PI) parameters. For assessment, parameters from both methods are tested by implementation on the test grid of Fig. 1 via simulations; presented in the subsequent section. 
A. ICC TUNING BASED ON CLASSICAL TUNING METHOD
The C-PI control parameters are based on [28] and [29] : 1) To achieve appropriate performance, the closed loop bandwidth of ICC should be 0.2 times less than the switching angular frequency. 2) To obtain a closed loop system free from oscillatory response; ICC controllers should be 10 times faster than the outer controllers. Thus, PI control parameters for ICC are selected as [30] :
where α c is the closed loop bandwidth for ICC and 2kHz is selected switching frequency in this paper. Thus:
The 2krad/s is designated for α c considering safety and margin issues. The ICC parameters are computed and presented in Table 3 , based on (15), (16) and Table 2 . 
B. OCL TUNING BASED ON CLASSICAL TUNING METHOD
Similar steps are adopted to tune the OCL parameters, based on the fact that ICC should be 10 times faster than OCL to accomplish non-oscillatory response in the closed loop system. Thus, the bandwidth for the outer layer PI controllers are:
Then k p and k i parameters for the OCL controllers are derived based on the concept in [30] , and given by: (20) Classically tuned parameters for the active power controller are given in Table 3 , attained by employing (19) and (20) .
C. MULTI-OBJECTIVE OPTIMIZATION OF ICC AND OCL USING PSO
Multi-objective optimization based on PSO for inner and outer control layers is carried out for one VSC and then optimized PI parameters are adopted in the other VSCs likewise. PSO particles are initially positioned around the solution of classical tuning. Hence to obtain the optimally tuned k p and k i parameters, the PSO algorithm is executed. The values for the fitness function during the PSO based multi-objective optimization are shown in Fig. 10 . The values of the ICC and OCL controllers evolve via certain iterations of the algorithm of Fig. 9 . This evolution helps to minimize the fitness function which in return provides tuned k p and k i values. Tuned PI parameters for ICC and OCL based on PSO and tuning technique of [28] and [29] are given in Table 3 .
FIGURE 11.
Step response of inner current control layer for C-PI and PSO-PI.
To assess the performance of the objective function in the proposed optimization algorithm, a typical step response of ICC is implemented and the results are compared. The step response of the inner control loop for PSO based optimization and C-PI is shown in Fig. 11 . The active power profile attained by C-PI and PSO-PI are shown in Fig. 12 .
From Fig. 11 and Fig. 12 , the PSO-controller exhibits significantly improved performance, explicitly faster rise time than the C-PI controller.
For presenting a sensible numerical assessment for C-PI and PSO-PI controllers' performance, they are compared in terms of the minimization of the integral of time multiplied by absolute error (ITAE) measurements of (10), (11) and (13), in Table 4 .
VII. SIMULATION RESULTS
The proposed control structure is evaluated on the four terminal HVdc system of Fig. 1 . The dc test system consists of two offshore WFs and two onshore grids. Mainland based VSC stations (MMC-1 and MMC-2) are designed to regulate the dc link voltage via P-Vdc droop and reactive power control [12] . k 1 = 5 and k 2 = 7 are droop constants. This setting aids the control real power exchange between the dc and ac grids plus maintains constant dc link voltage. MMC-3 and MMC-4 are set to a P-Vac control mode to establish constant real power flow within the dc grid [3] , [12] and controls the ac voltage at the PCC. The dc link operates at ±200 kV and the dc grid ratings are given in Table 1 .
The test system VSCs are identical since the optimization process is carried out on only one VSC station, with the obtained control parameters implemented on all VSCs. To assess the flexibility and validity of the proposed control, simulations are assessed for three different test scenarios: change in wind power, power demand variations from ac networks, and eventual VSC disconnection.
A. SCENARIO I: CHANGE IN WIND FARM POWER
In first case, power from WF 2 is ramped to 0.6 p.u. from 0.4 p.u. while P WF1 remains constant. The dc link voltage increases to 1.02 p.u. via coordinated proportional droop control of the GS-MMCs as the power transfer increases. Power is transmitted to the ac networks through GS-MMC 1 and GS-MMC 2 . Real power and dc-link voltage profiles for scenario-1 for both classical and meta-heuristic PSO approaches are shown in Fig. 13 . At t = 1.5 s, power through WF 1 is raised to 1.0 p.u. while P WF2 remains constant and the dc-link voltage settles at 1.04 p.u., using droop control characteristics. From Fig. 13 , the multi-objective PSO-controllers show significant improvement compared to the classical PI. The rise time and stability margins are significantly improved at onshore and offshore stations.
B. SCENARIO II: CHANGE IN LOAD DEMAND
In this scenario, the response of the dc grid is examined when the load demand is increased at time t = 0.5s. Due to this sudden change in demand, GS 1 changes its power from -0.4 p.u. to -0.5 p.u. and the implementation of voltage droop control at onshore grids help GS 2 balance the power sharing by adjusting its dc voltage and decreasing its power consumption to -0.7 p.u. A detailed analysis is seen in Fig. 14(b) . Similarly, at t = 1.5s, when GS 2 decreases its power.
Extracted WF power is shown in Fig. 14 (a) . P WF1 and P WF2 profiles are constant during load demand change on grid side converters at 0.8 p.u. and 0.4 p.u., respectively. VOLUME 6, 2018 However, it shows bit fluctuation on load change but settles back to its original level.
To show the desirable effects of the proposed technique on grid station, a comparison between classical tuning and PSO algorithm is illustrated in Fig.14 . Graphical observation indicates that PSO-optimized parameters stabilize the power and dc voltages profiles much faster than C-PI.
C. SCENARIO III: PERMANENT FAULT AT GS-MMC
A three phase permanent hard fault is applied to evaluate the stability performance of the M-HVdc system. A three phase symmetrical fault is introduced at the GS 1 . Before the fault, WF 1 and WF 2 generate total power of 1.0 p.u. and the onshore grids share this power according to their voltage droop characteristics. However, when the fault occurs on GS 1 at time t = 0.5s, the generated power expeditiously shifts towards GS 2 and power though GS 1 is reduced to zero. Graphical analysis of Fig. 15 (a) indicates that at the fault occurrence instant, offshore grids show marginal effects in their power generations and quickly return to their normal state. Meanwhile, GS 2 controlled parameters enable the power and dc-link voltage to quickly attain the required output levels. Clearly, PSO based controllers shows faster response than C-PI controllers. The dc link voltage stabilize itself within ±10% suggested limit in [31] , during all three scenarios which proves that the proposed control algorithm works well.
Optimized VSC stations based on PSO-multi-objective may also find its application in centralized voltage source converters (CVSC) connected offshore wind turbines (WTs) to enhance energy extraction. An optimal power extraction (OPE) strategy based on the proposed optimization technique can effectively improve the energy extraction efficiency of the traditional CVSCs-WTs.
VIII. CONCLUSION
Multi-objective optimization based on a meta-heuristic technique, particle swarm optimization, was presented to tune the control parameters of VSC stations in M-HVdc grids. The ICC and OCL PI controllers were optimized, simultaneously, via the proposed multi-objective PSO algorithm to realize desirable VSC dynamic performance. Then, the optimized control parameters were implemented in a four terminal VSC-HVdc test grid to assess control performance. Test rig simulations used PSCAD/EMTDC. For comparison, classical optimization technique was also implemented in same environment as proposed algorithm. The simulated workbench was assessed for: (i) load demand change from the ac grids, (ii) wind power change, and (iii) eventual permanent VSC disconnection; for both classical and proposed multi-objective optimization methods. Results established that during both steady and dynamic states multi-objective PSO-controllers show significant improvement and control performance when compared to classical PI controllers. The rise time and stability margins are significantly improved both at onshore and offshore stations. 
